REVIEWS

Social evolution theory for
microorganisms

Stuart A. West*, Ashleigh S. Griffin*, Andy Gardner** and Stephen P. Diggle$

Microorganisms communicate and cooperate to perform a wide range of multicellular
behaviours, such as dispersal, nutrient acquisition, biofilm formation and quorum sensing.
Microbiologists are rapidly gaining a greater understanding of the molecular mechanisms
involved in these behaviours, and the underlying genetic regulation. Such behaviours are
also interesting from the perspective of social evolution — why do microorganisms engage

in these behaviours given that cooperative individuals can be exploited by selfish cheaters,
who gain the benefit of cooperation without paying their share of the cost? There is great

Virulence

The damage caused to the host
by a parasite or pathogen,
measured as the decrease in
host fitness.

Cheater

An individual who does not
cooperate (or cooperates less
than their fair share), but can
potentially gain the benefit
from others cooperating.
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This is an exciting time for researchers interested in the
social behaviour of microorganisms (BOX 1). There is a
growing awareness that microorganisms communicate
and cooperate to perform a wide range of multicellular
behaviours, such as dispersal, foraging, biofilm forma-
tion, ‘chemical warfare’ and quorum sensing'-°. These
behaviours are provoking interest both in their own right
and because of the implications that follow from the fact
that many of these behaviours are involved in bacterial
virulence.

Microbiologists are rapidly gaining a greater under-
standing of the molecular mechanisms involved in these
behaviours, and the underlying genetic regulation'*7.
In this literature it is often assumed that cooperation is
favoured because it provides a benefit at the population
or species level*’. However, evolutionary theory shows
that this idea cannot work, because the population is
at risk from invasion by selfish individuals (cheaters or
free-loaders), who do not cooperate but can obtain the
benefit of cooperation from others'*"*. More generally,
explaining cooperation is one of the greatest problems
for evolutionary theory'*'. Microorganisms are particu-
larly useful for addressing this problem because of the
opportunities that they offer for genetic manipulation
and experimental evolution'.

There is huge potential for interdisciplinary research in
this area, combining both mechanistic and evolutionary

potential for interdisciplinary research in this fledgling field of sociomicrobiology, but a
limiting factor is the lack of effective communication of social evolution theory to
microbiologists. Here, we provide a conceptual overview of the different mechanisms
through which cooperative behaviours can be stabilized, emphasizing the aspects most
relevant to microorganisms, the novel problems that microorganisms pose and the new
insights that can be gained from applying evolutionary theory to microorganisms.

approaches (BOX 2). However, a significant limiting factor
is the extent to which social evolution theory is properly
communicated to microbiologists. Additionally, over
the past 40 years social evolution theory has experienced
numerous red herrings that have led to confusion and
pointless debate'”-*. By making use of the debates that
have already arisen and been solved in the evolutionary
literature, microbiologists can avoid wasting time on red
herrings and possible sources of confusion. Fortunately,
during this time, evolutionary biologists have also arrived
at a relatively unified body of theory that can generally
be applied'*!>'7?*-2*, Here, we summarize this theory,
emphasizing the aspects most relevant to microorgan-
isms, the novel problems that microorganisms pose and
the insights that can be gained from applying evolutionary
theory to microorganisms.

The problem of cooperation

Cooperation is a difficult behaviour for evolutionary
biologists to explain — why should an individual carry
out a costly cooperative behaviour for the benefit of
other individuals or the local group'®**? This seems to
go completely against the Darwinian idea of ‘survival of
the fittest. Consequently, cheaters who do not cooper-
ate, but gain the benefit from others cooperating, would
gain a competitive edge and be able to invade and take
over the population. This problem is well known in the

NATURE REVIEWS | MICROBIOLOGY

© 2006 Nature Publishing Group

VOLUME 4 | AUGUST 2006 | 597



REVIEWS

Cooperation

A behaviour that benefits
another individual (the
recipient) and which is
maintained (at least partially)
because of its beneficial effect
on the recipient.

Tragedy of the commons

A situation when individuals
would do better to cooperate,
but cooperation is unstable
because each individual gains
by selfishly pursuing their own
short-term interests.

Public goods

A resource that is costly to
produce, and provides a
benefit to all the individuals in
the local group or population.

Signal

Something that alters the
behaviour of another
individual, which evolved
because of that effect, and
which is effective because the
receiver’s response has also
evolved.

Actor
A focal individual who performs
a behaviour.

fields of economics and human morality, where it is
called the tragedy of the commons?®. The tragedy is that
as a group, individuals would benefit from cooperation,
but cooperation is not stable because each individual
can gain by selfishly pursuing their own short-term
interests. Hardin showed this by considering a shared
pasture that could be used by a number of shepherds?.
It is in each shepherd’s interest to add additional sheep,
even if this causes overgrazing, because he gains all the
benefit of adding additional sheep but pays only a frac-
tion of the cost of overgrazing as it is shared between all
the shepherds. There are numerous other human exam-
ples, such as declining fish stocks due to overfishing
or when there is poor public support for vaccination
programmes.

The fact that cooperation can provide a benefit at
the population level is not a solution to this problem,
as is sometimes suggested®’. This can be demonstrated
by examining cooperation from the perspective of an
individual or a gene. If an individual can increase
its reproductive success, and therefore increase the
transmission of genes to the next generation (that is,
increase its fitness) by not cooperating, then it can
spread through a population of cooperators even if
this reduces the productivity of the population (natu-
ral selection is not a far-sighted process). Individuals
die and reproduce far more quickly than populations,
and so selection that is due to the population-level
consequences of behaviours will be much weaker than
individual selection'""2. The idea that selection favours
behaviours owing to population-level benefits was the

Box 1| A classification of social behaviours

Abehaviour is social if it has consequences for both the actor and the recipient. Social
behaviours can be categorized according to the fitness consequences they entail for

the actor and recipient'®**% (see table). A behaviour that increases the direct fitness

of the actor is mutually beneficial if the recipient also benefits, and selfish if the recipient
suffers a loss. A behaviour that reduces the fitness of the actor is altruistic if the

recipient benefits, and spiteful if the recipient suffers a loss. The term ‘cooperation’
refers to a behaviour that increases the fitness of the recipient — cooperation can
therefore be mutually beneficial or altruistic, depending on the effect on the actor. It is
easy to see how natural selection favours mutually beneficial or selfish behaviour,
whereas altruism and spite are more difficult to explain.

Behaviours should be classified according to their impact on total lifetime
reproductive success. So, if a cooperative behaviour was costly to perform but provided
a direct benefit that outweighed this cost in the long term, such as by avoiding
punishment, it would be classified as mutually beneficial. Classifying specific behaviours
can be complicated because of the difficulties in measuring the long-term
consequences for fitness, and because behaviours can have multiple consequences —

for example, public goods can have both direct and indirect fitness benefits. This means
that in some situations there can be an advantage to describing behaviours according to
their immediate effects, as the long-term effects might not be certain, and we are often
not in a position to view them!?>. So, rather than classify behaviour as altruistic or
mutually beneficial, it can be easier to show, for example, that the production of public
goods is costly to the individual but provides a local benefit”. Another problem is that
different authors can use
terminology differently.

Effect on recipient
However, these issues are

simply semantic, and Positive Negative
confusionisbestavoidedby  Effecton Positive Mutual benefit  Selfishness
clear and specific statements  actor

Negative Altruism Spite

that minimize jargon.

subject of considerable debate in the evolutionary lit-
erature during the 1960s and 1970s, where it was called
group selection (BOX 3). The conclusion from a large
body of theoretical and empirical work was that it was
not an important evolutionary force.

To demonstrate the problem of cooperation in a
microbial context, consider when bacteria produce what
are called public goods. Public goods are products that are
costly for the individual to produce but that provide a ben-
efit to the individuals in the local group or population'”.
The problem in this case is what stops the spread of cheats
that do not produce public goods but benefit from those
produced by others (FIC. 1a). The iron-scavenging mol-
ecules produced by many bacteria, called siderophores,
are a good example, as demonstrated by experiments with
Pseudomonas aeruginosa”. Siderophore production is
beneficial when iron is limiting, as shown by the fact that
wild-type strains that produce siderophores grow faster
than mutant strains that do not. However, siderophore
production is also costly, as demonstrated by the fact that
mutants grow faster than wild-type strains in an iron-
rich environment. Consequently, in mixed populations
where both wild-type and mutant bacteria are present,
the mutants can gain the benefit of siderophore produc-
tion without paying the cost, and therefore increase in
frequency, as they out-compete the cooperative wild-type
bacteria? (FIG. 1a).

This leads to the fundamental problem of what makes
cooperative behaviours, such as siderophore production,
evolutionarily stable in response to the possible invasion
by cheats that arises through migration or mutation®*?
Clearly, there must be a solution because siderophore
production occurs, and in the following section of this
paper we will discuss the possible solutions to this prob-
lem. Furthermore, there are numerous other examples
of public goods that are produced by individual bacte-
rial cells and used by neighbouring cells. These include
extracellular products for nutrient acquisition®-*,
quorum sensing (QS) signalling molecules for cell-cell
communication®****2, antibiotics®, immune-modulation
molecules**, antibiotic-degradation compounds (for
example, B-lactamases)*”** and biosurfactants (for exam-
ple, rhamnolipids) for motility**. In addition, biofilm
development and maintenance can be influenced by
public goods secreted into the bacterial extracellular
matrix, including exopolysaccharides, such as alginate*!,
and adhesive polymers*.

Before discussing solutions to the problem of coop-
eration, it is useful to distinguish whether the benefits of
a behaviour accrue to all the local individuals, including
the actor (whole-group traits), or only local individuals
other than the actor (other-only traits)*. This distinction
is important because the two situations can demand a
different set of explanations, as described in the next sec-
tion. The production of public goods is a classic example
of a whole-group trait. Another example would be when
the economical use of common resources leads to more
efficient resource use, such as when high growth yield is
coupled with low growth rate***. Examples of other-only
traits would be when cells sacrifice themselves to the
benefit of the cells that are around them. In this case, the
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Box 2 | Complementary approaches to studying behaviour

Evolutionary biologists and microbiologists typically study behaviours or traits from
different perspectives. Evolutionary biologists are primarily concerned with the fitness
consequences or survival value of a behaviour, which are called ultimate explanations:
why has this behaviour been selected for by natural selection? Microbiologists are
primarily concerned with proximate explanations: what molecular and genetic
mechanisms govern the particular trait or behaviour?

The crucial point here is that these methods are complementary and not alternatives.
The Nobel Prize winner Niko Tinbergen famously clarified this point in the most
influential paper of his career!!®. One of his classic studies to show the distinction
between ultimate and proximate explanations was on how black-headed gulls remove
eggshells from their nests. The mechanistic (proximate) explanation for this is that
individuals are more likely to remove objects from their nest if they are white or egg-
coloured, have frilly edges and if they are feather-light. The evolutionary (ultimate)
explanation for this is that it makes aerial predators such as herring gulls less likely to
find their brood. These explanations are clearly not competing, and both are required
for a full understanding of the behaviour.

Combining evolutionary and mechanistic approaches opens many avenues of research.
Mechanistic studies stimulate evolutionary research because they demonstrate
behaviours that pose problems from an evolutionary perspective. Indeed, evolutionary
biologists have begun to marvel at the possibilities microorganisms offer'®. The
evolutionary approach stimulates mechanistic research because it suggests problems for
which there must be a mechanistic solution, and the kind of mechanisms involved. For
example, is there a mechanism by which individuals can direct cooperation towards
closer relatives? Are individuals who do not cooperate punished in some way? Does
cooperation provide some longer term feedback benefit? If a molecule produced by cell
A effects aresponse in cell B, is that a cue, a signal or a manipulation®3217?

Direct fitness
The component of fitness
gained through reproduction.

Repression of competiton
When the selfish advantage of
cheats is removed.

Altruistic

A behaviour that increases
another individual's fitness at a
cost to one's own.

Kin selection

A process by which traits are
favoured because of their
beneficial effects on the fitness
of relatives.

Indirect fitness

The component of fitness
gained from aiding the
reproduction of non-
descendant relatives.

Hamilton’s Rule

A condition (rb — ¢ > 0) that
predicts when a trait is
favoured by kin selection,
where ¢ is the cost to the actor
of performing the behaviour, b
is the benefit to the individual
who the behaviour is directed
towards, and ris the genetic
relatedness between those
individuals.

Relatedness

A measure of genetic similarity.

problem is why should an individual cell pay the cost
of this sacrifice when it could just exploit the sacrifice
of other cells? One of the clearest cases of this is in the
formation of fruiting bodies by cellular slime moulds
such as Dictyostelium discoideum, where some cells
become spores, whereas others sacrifice themselves
and become non-viable stalk cells***” (FIG. 1b). Similar
differentiation occurs in Myxococcus xanthus bacte-
ria, where cells become either spores or non-spores*.
Another example is when cells undergo autolysis (cell
death), if this is to provide nutritional benefits to the
population, such as providing DNA to help structure
biofilms, or to release antimicrobial toxins (for example,
bacteriocins) that kill competitors>®.

Explaining cooperation
Given the problem of cooperation, how can cooperative
behaviours be maintained? There is a huge amount of
literature on this topic, and it is possible to clarify the
different possibilities in several ways'>'7?**30-52 Qur aim
here is to provide a classification that is useful for micro-
organisms and that can be understood by microbiologists
who are not specialists in evolutionary theory.
Cooperation is when a behaviour benefits another
individual (BOX 1). We divide possible explanations for
cooperation into two broad groups. First, the coopera-
tive behaviour can provide a direct fitness benefit to the
reproductive performance of the individual performing
the behaviour that outweighs the cost of performing the
behaviour. In this case, cooperation is mutually beneficial
(BOX 1). We divide this into situations where individuals
have a shared interest in cooperation and situations
where there is a mechanism for enforcing cooperation

REVIEWS

or removing the advantage of cheating (this is called
repression of competition).

Second, and harder to explain from an evolutionary
perspective, are cooperative behaviours that decrease
the direct fitness of the individual that performs them.
In this case, cooperation is altruistic (BOX 1) and can
only be explained if cooperation is directed towards
individuals who share cooperative genes'. This is
called kin selection'’, or an indirect fitness benefit*. A
complication here is that a cooperative behaviour can
provide both a direct and indirect fitness benefit. In
particular, whole-group traits such as siderophore
production provide a benefit to both the individual
that produces them and to nearby relatives. In this
case, whether a behaviour is mutually beneficial or
altruistic will depend on the relative importance of the
direct and indirect fitness benefits. This is in contrast
to other-only traits, which can only be explained by
indirect fitness benefits.

Kin selection

Kin selection theory provides an explanation for altru-
istic cooperation between relatives'. By helping a close
relative to reproduce, an individual is still passing on its
own genes to the next generation, albeit indirectly. This
theory is encapsulated in a pleasingly simple form by
Hamilton's rule'®?, which states that altruism is favoured
when rb - ¢ > 0; where c is the fitness cost to the altruist,
b is the fitness benefit to the beneficiary and r is their
genetic relatedness (see Supplementary information
S1 (box)). This predicts that greater levels of altruistic
cooperation are expected when r or b is high and c is
low (FIG. 2a).

Kin selection and limited dispersal. Kin selection requires
a sufficiently high degree of relatedness between coop-
erating individuals. Hamilton suggested two possible
mechanisms for this'. First, limited dispersal (popula-
tion viscosity) would tend to keep relatives together'®*.
In this case, altruism directed indiscriminately towards
all neighbours will be favoured as neighbours tend to be
relatives. This type of mechanism is likely to be of huge
importance in microorganisms as asexual reproduction
means that single cells colonize and grow in alocal area.
In this case, the individuals interacting over a small area
will be clonal, corresponding to r = 1, which can be
conducive to the evolution of cooperation.

This form of kin selection, involving limited dispersal,
has been suggested to be important for the production
of public goods®****. It applies to any public good that
is dispersed on a scale where bacteria tend to be close
relatives. Experimental support for this idea has been
obtained from the multiple-generation selection experi-
ment on the production of siderophores in P. aeruginosa®.
It was observed that a wild-type strain that produced
siderophores out-competed a selfish mutant strain when
cultured under conditions of high relatedness, but not
when relatedness was lower. Relatedness was manipulated
by allowing the bacteria to grow and interact in groups
derived from a single clone (relatively high relatedness)
or from two clones (relatively low relatedness)”.
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Box 3 | Group selection

It is useful to distinguish between two types of group selection?.

Old group selection. During the 1960s, Wynne-Edwards!*® argued for the importance of group selection in its original or

‘old’ form, considering relatively cooperative behaviours such as reproductive constraint. He realized that populations of
cooperators could be invaded easily by a selfish cheat that reproduced at the maximum rate, and suggested that the
differential survival of groups was the solution to this problem. In groups consisting of selfish individuals, resources would
be over-exploited, and the group would become extinct. By contrast, groups consisting of altruistic individuals who
restricted their birth rate would not over-exploit their resources, and not become extinct. Therefore, by a process of
differential survival of groups, behaviour evolved that was for the good of the group.

During the 1960s and 1970s however, a large body of theoretical and empirical work accumulated against this idea. In
practice, groups do not become extinct fast enough and individuals move too frequently between groups for this to be an
important process'. It is now generally accepted that this form of group selection is unimportant, and that this kind of
thinking leads people to the false conclusion that individuals will do something because it is ‘for the good of the species’.

New group selection. In the 1970s and 1980s a new form of group selection was developed, based on the idea that at
certain stages of an organism’s life cycle interactions take place between only a small number of individuals'?. Under these
conditions, cooperative behaviour can be favoured. This kind of new group selection is sometimes referred to as trait-group
or demic selection. The new group selection models therefore rely on within-population group selection whereas the old
group selection theory focuses on between-population group selection?.

However, it has since been shown that kin selection and the new group selection are just different ways of
conceptualizing the same thing. They are mathematically identical, and are both valid'®?°?>'24, Both approaches tell us that
increasing the group benefits and reducing the individual cost favours cooperation. Similarly, group selection tells us that
cooperation is favoured if we increase the proportion of genetic variance that is between-group as opposed to within-
group, but this is equivalent to saying that relatedness is increased. In all cases where both methods have been used to look
at the same problem, they give identical results (see TABLE 1).

Avoiding confusion. Although the equivalence of the kin selection and new group selection approaches has long been
appreciated?®'?212 there has been a huge amount of fruitless debate in this area, mainly owing to semantics"'#20121 This
was partly due to the group selection literature redefining several terms, such as altruism, that already had valuable and
clear meanings®. Our worry here is that although this debate was solved decisively during the 1960s-1980s by evolutionary

Kin discrimination

When behaviours are directed
towards individuals depending
on their relatedness to the
actor.

biologists, it seems to reoccur and lead to confusion as new fields embrace the relevant aspects of social evolution
4,8,9

this is starting to occur within the microbiology literature

The effect of relatedness can be shown by considering
how relatedness is determined by the number of clones
in an area or patch. At one extreme, if only one clone
colonizes each patch then relatedness will be high, and
each patch will be colonized by a cooperator or a cheater.
Cooperation leads to greater growth rates, and so
cooperaters will out-compete cheats?”. Consequently, at
high relatedness cooperation is evolutionarily stable?. At
the other extreme, if multiple colonies colonize each patch
then relatedness will be low, and each patch can contain a
mixture of cooperators and cheats. In this case, cheats can
exploit and out-compete cooperators®” and so coopera-
tion will not be evolutionarily stable?®. This stresses the
fact that population benefits alone cannot explain
cooperation.

As mentioned earlier, the production of public goods
can potentially provide a direct and an indirect (kin
selected) fitness benefit. This means that some produc-
tion of public goods, such as siderophores, could still
be favoured when interacting with non-relatives if the
benefits outweigh the costs to the cell that produces
them?®. The relative cost and benefit of siderophore
production will vary with factors such as environmen-
tal conditions and population density. Therefore, it is
possible that the production of public goods, such as
siderophores, can be altruistic under some conditions
and mutually beneficial under others'. However, we
suspect that the dominating factor will usually be kin
selection, which favours altruism, as is supported by the
siderophore selection experiment?.

121 and

Kin selection and kin discrimination. The second
mechanism for generating sufficiently high relatedness
to make kin selection important is kin discrimination,
when an individual can distinguish relatives from non-
relatives and preferentially direct aid towards them'.
This has been demonstrated in numerous cooperatively
breeding vertebrate species, where the feeding of young
is preferentially directed towards close relatives®. By
contrast, there has been little research on the importance
of kin discrimination in microorganisms. An exception
is in malaria parasites, where kin discrimination has
consequences for the evolution of the sex ratio (the pro-
portion of male gametocytes) in the transmission stages,
and there is evidence both for and against these parasites
assessing relatedness””.

One form that kin discrimination could take in
microorganisms is through specificity. With the pro-
duction of public goods, selection would favour the
production of highly specific molecules that other
lineages (clones) could not utilize. Consistent with this,
in P, aeruginosa, there is variation across strains in the
form of the pyoverdine siderophore produced and in
the ability to take up iron that has been chelated by
pyoverdines produced by other strains®®. Furthermore,
sequence data suggest that the genes involved in pyo-
verdine production are under selection for novelty
and specificity (diversifying selection)®. This form of
behaviour is unlikely to be restricted to iron acquisi-
tion in microorganisms. Staphylococcus aureus strains
utilize an autoinducing signal peptide (AIP), which
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Free living

Figure 1| The problem of cooperation. a | The tragedy of the commons with public
goods. Cheats (white oblongs) who do not pay the cost of producing public goods (purple
circles) can still exploit the benefits of public goods produced by other cells (green
oblongs). b | Altruistic sacrifice. When two lineages come together to form a fruiting
body, a cheat (blue lineage) would increase its reproductive success by contributing less
towards stalk formation, and more towards spore production, compared with the other

(orange) lineage.

Cue

Something that can be used by
an individual as a guide for
future action.

Spiteful

A behaviour that decreases
another individual's fitness at a
cost to one’s own.

controls the expression of several virulence determi-
nants, including the exotoxins used to convert host tissue
into nutrients for bacterial growth?. Four variants of this
peptide have been reported to be produced by S. aureus,
which has allowed S. aureus strains to be divided into
four AIP-producing groups (AIP1-AIP4) (REF. 60,61).
Experimentally, AIP1 has been shown to induce viru-
lence in AIP1-producing strains but to inhibit virulence
in AIP2-, AIP3- and AIP4-producing strains®. Other
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examples of within-species diversity and specificity
include the identification of >25 bacteriocins (colicins)
in Escherichia coli®, and the diverse 2-alkyl-4(1H)-
quinolone (AHQ) secondary metabolites produced by
P. aeruginosa, which possess antibacterial, immune-
modulatory and signalling properties®>**.

The extent to which diversity and specificity lead
to kin discrimination is unclear, as their importance
can be limited by conflicting selection on individuals
to be able to take up all forms of molecules produced.
Indeed, this conflict could prevent kin discrimination
from being evolutionarily stable®®. A potential solution
to this problem is if the variation in a relatedness cue is
maintained by another selective pressure, such as host
immune evasion®. Overall, this is an area where there
is an urgent need for further theoretical and empirical
research to address even the most basic questions, let
alone generalizations such as in what environments we
should and should not find kin discrimination.

An extreme form of kin discrimination occurs in
so-called ‘green-beard’ genes, which specifically direct
cooperation towards other individuals that carry the
same gene'®'*¢”. This requires a gene that causes a pheno-
typic effect that can be recognized by other individuals
who have this gene and who can adjust their behaviour
accordingly. Green beards are likely to be rare, because
cheats that display the green beard without also perform-
ing the cooperative behaviour could invade and over-
run the population. However, one of the few examples
is in a microorganism — the csa cell-adhesion gene in
D. discoideum. Individuals with this gene adhere to each
other in aggregation streams, excluding mutants who do
not, and cooperatively form fruiting bodies®.

Kin discrimination can also be used to direct harm-
ful or spiteful behaviours at non-relatives®®® (BOX 1). This
is advantageous when it releases resources or reduces
competition for closer relatives. Bacteriocin production
and other forms of ‘chemical warfare’ provide one of
the clearest examples of spite’. Discrimination against
non-relatives can occur with bacteriocins because the
bacteriocin gene and an immunity gene that encodes a
factor that deactivates the bacteriocin are linked geneti-
cally*. If this linkage is broken, cheats can arise that
produce the antidote but save on the cost of producing

(3]

Bacteriocin production

a b
wn =2
e} {=4
g =

©
S c
£ =
- v
S n
a o]

T T 1 T

T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4
Relatedness (r)

Relatedness (r)

T T T
0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
Relatedness (r)

o
o

Figure 2 | Some relationships between genetic relatedness (r) and social behaviours. The production of public
goods, such as siderophores, increases monotonically as relatedness between social partners increases?® (a). Quorum
sensing (QS) signalling (b) and bacteriocin production (c) are both predicted to show a dome-shaped function of
relatedness, with signalling® and bacteriocin production’® maximized at an intermediate relatedness.
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Recipient
An individual who is affected
by the behaviour of the actor.

Table 1| Misconceptions and red herrings in social evolution theory

Misconception or red herring  Reality

Kin selection will not be important
in microorganisms because it
requires complex sensory systems
that can recognize kin.

Kin selection requires clonality
(r=1).

There is a ‘new’ form of group
selection, which can be invoked
to explain cooperation in cases
where kin selection cannot.

Kin selection can work without kin discrimination, if processes such as limited
dispersal lead to interacting individuals being highly related?®. Also, there is the
potential for kin discrimination in microorganisms.

Kin selection can work when r < 1, depending on the relative benefit:cost ratio.
However, higher levels of cooperation are expected as relatedness increases.

Kin selection and the new group selection are just different ways of conceptualizing
the same process — they are mathematically identical and both valid'’?%!?* (BOX 3).
However, most workers focus on kin selection methodology because it is usually
easier to construct models, interpret the predictions of theory, and apply the

models to real biological cases, and it reduces the potential for confusion.

The Prisoner’s Dilemma (PD).

The PD provided a useful way of conceptualizing the problem of cooperation in

the 1970s and 1980s**!**>. However, it makes specific assumptions and has been
surpassed by more powerful and general methods for examining the problem of
cooperation'’. The PD focuses attention on reciprocal altruism, which is a small
subclass of the mechanisms for repressing competition within groups, and is unlikely
to be of general importance outside humans'?*'?’. In microorganism examples
where the PD has been invoked****#, it is easier, more appropriate and more general
to conceptualize with the tragedy of the commons and kin selection?1%°,

r, relatedness.

the toxin”. The degree of kin discrimination will depend
on the diversity and specifity of bacteriocins, and the
mechanisms by which these are generated®.

Direct fitness benefits to cooperation

In the above section we have discussed how kin selec-
tion can explain altruistic cooperation. The alternative
explanation for cooperation is that it provides a direct
fitness benefit to the individual that performs the coop-
erative behaviour. In this case, cooperation is mutually
beneficial and not altruistic (BOX 1). In this section we
consider how direct benefits to cooperation can occur:
first, if individuals have a shared interest in cooperation,
and second, when there is a mechanism to enforce coop-
eration or remove the advantage of cheating (repression
of competition).

Shared interest (no enforcement). Cooperation will be
favoured by selection when individuals have a shared
selfish interest in cooperating®>**. The simplest pos-
sibility that can lead to the evolution of cooperation is
when an otherwise selfish behaviour benefits another
individual (one-way by-product benefit), such as when
the waste product of one individual provides a nutri-
ent for another. In this case, the behaviour is mutually
beneficial, providing a direct benefit to the actor who
performs the behaviour, irrespective of what other
individuals do, but also providing a benefit to another
individual. Benefits can flow in both directions, as is
found when two interacting individuals each feed on a
by-product of the other (known as cross-feeding or two-
way by-product benefit). These by-products can occur
between different phenotypes (variants or morphs) of
the same species or between different species.

We would not class these behaviours as coopera-
tion because the benefit to neighbouring individuals is
simply the by-product of selfish behaviour. We suggest
that a behaviour should only be classed as cooperative if
it is maintained, at least partly, because of its beneficial

effect on the recipient. However, cooperation can evolve
in response to by-product benefits. For example, if indi-
viduals A and B feed on by-products of each other, then
selection can favour increased by-product production
by individual A, because it would lead to individual
B doing better and producing more by-product that
can then be used by individual A. In this case, indi-
vidual A would be performing a cooperative behaviour
(by-product reciprocity).

A famous example of by-product reciprocity is the
greater honeyguide, an African bird that guides humans
to beehives, where it feeds on the honey left behind
after human foraging®. Another example is in coop-
erative breeding vertebrates, where helping behaviours
can lead to a larger group size, and therefore higher
survival rates’. As helping is often directed towards
relatives in vertebrates, this provides a clear example of
how cooperation can lead to both direct and indirect
(kin selected) benefits. Selection for cooperation is
increased if there are synergistic benefits to coopera-
tion, or if the underlying ecology allows cooperators to
become associated across generations**"7*,

Direct benefits to cooperation could occur in multi-
species biofilms — all that is required is that there is a
net benefit due to the benefit received as a by-product
outweighing the cost of performing the cooperative
behaviour. Many biofilms are composed of multiple
species. For example, colonization of human teeth and
the oral mucosa can involve up to 500 species of bac-
teria, with huge potential for cooperation or conflict
between species®”*”. Studies on the early colonizers
Streptococcus oralis and Actinomyces naeslundii suggest
that cooperation between these species allows them to
grow where neither can survive alone’®. Another example
is the mixed-species biofilm between P. aeruginosa and
Burkholderia cepacia that can occur in the lungs of people
with cystic fibrosis, where it is associated with morbidity
and mortality””’®. B. cepacia has been shown to upregu-
late the production of virulence determinants using QS
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Figure 3 | The costs and benefits of producing public goods. Shown are the growth
rates of (a) populations consisting of only cooperators and only cheats and (b) cheats and
cooperators in a population started with a 50 :50 mixture of both. For illustration,
exponential growth is assumed in conditions where the production of the public goods is
favoured. The graphs show that the population as a whole grows faster when it consists
of cooperators (a), but that cheats spread and out-compete cooperators in a mixed
population (b). Also note that the total productivity of the mixed population (line marked
Both in b) is lower than that of a pure cooperator population (in a).

Manipulate

When one behaviour alters the
behaviour of another
individual, usually to the
benefit of the actor and to the
cost of the other individual.

molecules produced by P. aeruginosa. However, it has
yet to be shown whether this represents signalling and
cooperation or one species manipulating and exploiting
the behaviour of another™.

Many examples of cooperation between microbial
symbionts and their hosts can be explained by shared
interests. If a single symbiont lineage infects each host
then they will have a shared interest that can favour
cooperation, especially if the symbiont is transmitted
vertically, from parent to offspring. However, if multiple
symbiont lineages infect each host, then this will break
the shared interest and the tragedy of the commons
arises. Specifically, each lineage would be expected to
behave selfishly, at the expense of the host and other
lineages — gaining the benefit from others cooperating
without paying the cost of helping the host”®. In this
case, cooperation would require some mechanism to
repress this conflict, as we discuss below. A consequence
of this is that hosts can be selected to minimize sym-
biont diversity, in order to minimize conflict between
symbionts™*®!,

Repression of competition (enforcement). The problem
of cooperation is that individuals can be selected to pur-
sue their own selfish interests (cheat) to the detriment
of the overall productivity of the local group. However,
if the opportunities for successful cheating are removed,
then individuals can only increase their reproductive
success by enhancing the productivity of the group®#2.
This unites the interests of neighbours, and selects for
cooperation. Different mechanisms have been suggested
for this, including policing, punishment, sanctions and
partner choice®#*#%, Frank® has grouped these as
mechanisms for the repression of competition within
groups. A classic example of this is in the social insects,
ants, bees and wasps, where each worker would benefit
from rearing its own sons, rather than the queen’ sons.
However, other workers are selected to prevent them
doing this because it has a cost to colony productivity,
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and because the policing workers can be more related
to the sons of the queen than the sons of other work-
ers®. This has led to selection for policing by workers,
where they destroy the eggs laid by other workers. This
provides a clear example of how conflicts can occur even
among highly cooperative social groups. To our knowl-
edge, such a mechanism has yet to be found (or tested
for) in a microorganism.

Repression of competition can also allow cooperation
across species™. An example of this is the interaction
between leguminous plants and the rhizobial bacteria that
fix N, within the root nodules of the host plant. N, fixation
benefits the plant because it supplies nitrogen needed for
growth and photosynthesis, but it is energetically costly to
the bacteria, reducing the resources that can be allocated
to bacterial growth and reproduction®. Experiments
have shown that cooperation is favoured, because if the
rhizobia in a nodule do not provide nitrogen to their host,
the plant punishes them by decreasing the O, supply to
that nodule, which severely reduces the growth rate of
the bacteria®. We suspect that similar processes could
explain many cases of cooperation between species, such
as why the bacteria Vibrio fischeri expensively luminesce
in the light organ of their host squid; this is supported by
the fact that mutants that cannot luminesce are unable to
colonize light organs. Another possibility is cooperation
in multiple-species biofilms.

A general point when considering the explanations
of cooperation given above is that the different mecha-
nisms are not mutually exclusive. We have already dis-
cussed how behaviours such as the production of public
goods can provide a direct and indirect (kin selected)
benefit. Another example would be that if by-product
benefits occur between relatives, then this will lead to
a direct and indirect benefit of cooperation. Similarly,
although cooperation is favoured between relatives, if
there is a mechanism for the repression of competition
between relatives then this can lead to even higher levels
of cooperation.

Testing for social traits in microorganisms
In evolutionary biology, a fundamental first step in the
study of any trait is to demonstrate its fitness conse-
quences in a social context (BOX 1). This means deter-
mining the cost and benefit of a behaviour for the actor
and the recipient. An advantage when addressing such
problems in microorganisms is that mutant strains that
do not perform the potentially social trait are often
available to facilitate such work?*#404$88%9_Given this,
the first experiment is to examine the relative fitness
of the wild type (that possesses the supposedly social
trait) and the mutant, alone and in mixed cultures
(FIG. 3). It is particularly informative if this can be done
under conditions when the behaviour is and is not
favoured. For example, the benefit of siderophore pro-
duction could be altered by varying iron availability.
Analogous experiments are required for other poten-
tially social traits. For example, are mutants that do not
produce adhesive factors such as alginate, which are
involved in biofilm formation, able to invade and spread,
reducing the overall productivity of the biofilm*? What
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is the relative fitness of QS cheats that do not signal, or
do not respond to signals, under conditions where QS is
and is not favoured? Is the production of persister cells,
which survive antibiotic treatment®, vulnerable to cheats
that maximize their short-term growth? What is the rela-
tive fitness of individuals that do and do not produce
bacteriocins, when grown alone or with competitors? In
all of these cases, the first step forward will be simple
experiments that examine the basic costs and benefits of
the behaviours in a social context. This can be achieved
by examining something that is expected to correlate
with fitness, such as the growth rate, in cooperators and
cheats when grown alone and in mixed culture.

More subtle predictions can also be made and tested.
The relative advantage of cheating can be altered by
varying the population density or the relative frequency
of cheats — kin selection theory predicts that cheats will
do better at lower frequencies and in denser popula-
tions®»**3$489192 " An alternative possibility is to test for
conflicts of interest between non-relatives. For exam-
ple, when multiple lineages combine to form a fruiting
body, can one lineage increase its success at a cost to
the other *****, and does this lead to reduced total spore
production®®? If so, how and why is this variation
maintained? These kinds of experiments will even be
required for cases where the possible nature of social
interactions is not clear. For example, in Streptococcus
pneumoniae’ when competent cells trigger pneumo-
lysin release from non-competent cells (allolysis), does
this represent coercion of non-competent cells against
their wishes, or a signal between relatives with a shared
interest**?

There are pros and cons to the different possible ways
of conducting the experiments discussed above. One
issue is whether it is better to do experiments in vitro
or in vivo. By doing experiments in vitro, conditions
can be more controlled and the outcome closely moni-
tored. However, we will often ultimately be interested
in what happens in vivo, because these are the condi-
tions in which the trait we are interested in has evolved.
Furthermore, although things can be more complex
in vivo, these complexities are interesting. For example,
spatial structuring within a host might keep the relat-
edness between interacting bacteria high, even when
multiple clones infect a host, increasing the advantage
of cooperation®. This clearly demonstrates the possible
interplay between the different methodologies, as in vitro
studies could be designed to investigate the importance
of factors, such as spatial structuring, that are thought to
be important in vivo.

Another issue is what kind of cheating mutants
should be used. Strains in which the gene for a coopera-
tive behaviour has been artificially knocked out have the
advantage of well-defined, clear and large effects”***. By
contrast, spontaneous mutations from the laboratory or
isolates from the field might be more natural and give
a better indication of the kind of variation that natural
selection could act on*. Clearly, in all these cases, the
greatest explanatory power and demonstration of gener-
ally applicable phenomena will be obtained by combining
different methods.

Comparative studies across species are another use-
ful methodology to investigate the benefit and cost of
social traits®. Theory can make predictions about when
a trait is most useful, and therefore how the occurrence
of that trait should correlate with factors such as eco-
logical variables. For example, Hamilton’s rule predicts
that there is greater selection for the preferential help-
ing of relatives when the benefit of helping relatives (b)
is greater. This prediction is supported in cooperative
breeding vertebrates, where there is greater kin dis-
crimination when the benefits of helping are higher,
providing evidence for the importance of kin selection
in these species®. There are many possibilities for such
studies in microorganisms, such as variation across spe-
cies or populations in the production of public goods,
or the amazing diversity in how different slime-mould
species make fruiting bodies*. For example, kin selec-
tion theory predicts greater levels of cooperation in
species or populations in which interacting individuals
tend to be more related. It is possible that relatedness
will be influenced by dispersal rates and population
structuring, which can be determined by the physical
nature of the environment (for example, liquid versus
soil versus different locations in a vertebrate host) or by
the behaviour of the microorganisms themselves (for
example, biofilm formation or budding).

Analogies and complications

Analogies with invertebrates and vertebrates can be use-
ful for developing hypotheses to test in microorganisms'.
Compare a group of bacteria growing in a biofilm (slime
city) or a small area, with a colony of social insects, such
as ants. Castes are enormously important in ant societies,
where individuals can develop different morphologies that
enable them to specialize in varied behaviours, such as
foraging, brood care or defence™. A recent paper suggests
that similar phenomena might be happening in biofilms,
where variants exhibit different behaviours, such as an
increased ability to disseminate or a tendency to form
biofilms in an accelerated manner'®. An important dif-
ference here, however, is that caste determination is gen-
erally environmental in social insects'”', whereas genetic
variation was suggested in biofilms. Environmental castes
might be more likely to favour altruistic cooperation
because with genetic altruists, the benefits would be less
likely to go to individuals who share the altruistic gene.
Even if the individuals are genetically identical at all other
loci, it is the genetic similarity (relatedness) at the altruism
locus that is crucial here. Consequently, the pattern in bio-
films might merely represent the spread of selfish mutants,
although there could be the possibility for kin selection to
influence the mutation rate, producing altruists that are
less likely to be transmitted to the next patch.

Another recurring theme in insect and vertebrate
societies is that although individuals live in cooperative
groups there is still plenty of possibility for conflict within
the group®. The fundamental point here is that when
r> 0 kin selection can favour cooperation, but when r < 1
individuals will have selfish interests, so when 0 < 7 < 1
there will be potential for both cooperation and conflict.
It is perhaps ironic that some of the best support for kin
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selection theory actually comes from its ability to predict
conflicts in cooperative insect colonies*. An analogous
example of simultaneous conflict and cooperation from
a microorganism is that even when genetically distinct
slime-mould clones cooperate to form a fruiting body,
each is selected to maximize its contribution to the spores
and minimize its contribution to the stalk, to the detriment
of the other lineages®. It is for this reason that thinking
about bacterial populations as multicellular organisms®’
can be misleading. In multicellular organisms, r = 1 and
so there is no conflict (unless there is mutation), whereas
in bacterial populations r can be < 1, in which case there
will be conflict.

Mechanisms for enforcing cooperation, such as
punishment or sanctions, will lead to individuals who
cooperate having greater direct fitness, but measur-
ing the costs and benefits of cooperation can be more
complicated in these situations®"*%2%, The trick is to
untangle the cost of cooperation from the benefit of
avoiding punishment. Consider the example given
earlier of rhizobia in their legume hosts, where it was
shown that cheating (not fixing N,) has a direct fitness
cost®. This cost occurs at the level of the nodule, which
is usually colonized by a single clone, and so there
will be strong kin selection between these bacteria to
avoid punishment®. The difficulty is showing that this
occurs through a punishment mechanism. Kiers et al.
overcame this problem by elucidating the mechanism
involved, showing that plants cut off the O, supply®.
Another possibility would be if this punishment could
be removed (for example, supply O, experimentally), in
which case we would expect cheaters to do better than
cooperators. In such cases, the interplay between examin-
ing behaviour from an evolutionary and a mechanistic
perspective is crucial.

A general point regarding all the experiments dis-
cussed above is that they assume huge simplifications.
We know that the situation is actually more complex.
For example, there is facultative variation in response
to environmental conditions, such as in the amount of
siderophore production'”. Bacteria have multiple hierar-
chical QS systems, with each affecting numerous traits**'.
In addition, spatial structuring through limited dispersal
is not always good for cooperation as it leads to increased
competition between relatives, which can reduce or
remove kin selection for altruism'”?**191% This last
point could be of particular relevance to biofilms, where
we might expect mechanisms that keep relatives together
so they can cooperate, but also minimize the potential
competition between them'®.

Pathogenic species offer a greater layer of complex-
ity. One reason for this, as mentioned above, is that the
environment will be more complex in vivo, especially
when the host responds to the presence of the patho-
gen. Another factor is that any behaviour that influences
virulence will also be subject to the selective pressures
we have discussed in this article?®”*!%. For example, if
multiple clones infect a host (low r), then this can lead
to a tragedy of the commons over the host resources,
which will select for rapid and aggressive exploitation
of the host, with greater virulence'®. These factors
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also have applied implications, as different pathogen-
management strategies could select for more or less
virulent parasites?”!””, or be designed to exploit social
behaviours'®. However, it is crucial to gradually work up
to investigating these complications in small steps that
elucidate the basics first, based on a solid understanding
of the underlying mechanisms.

Microbial peculiarities

Although the fundamentals of evolutionary theory are
well understood, there is still a need to develop the theory
to apply to specific microbiological cases. An example of
this is provided by the suggestion that bacteria use QS
systems to coordinate cooperative behaviours. It has been
suggested that such QS systems will be favoured under
conditions of high relatedness, because then kin selection
would favour cooperation and signalling to coordinate
this cooperation®'”. However, when this was modelled
explicitly, a slightly different prediction emerged — the
highest level of signalling is predicted to occur at inter-
mediate levels of relatedness® (FIC. 2). At low relatedness
there is no selection for cooperation, and so no signalling,
whereas at high relatedness there is no conflict and so a
minimal, cheap signal is required to coordinate coopera-
tion. At intermediate relatedness, individuals are selected
to signal at higher levels to manipulate competitors into
greater levels of cooperation.

Microorganisms present their own practical prob-
lems, despite their attractions as model systems for
research into social evolution. In diploid eukaryotes,
relatedness can be measured relatively easily with
molecular markers'"’. This has led to the problem that
there has been too little focus on the costs (c) and ben-
efits (b) of behaviours (which can be relatively difficult
to measure)''’. By contrast, in microorganisms, b and
¢ can often be relatively easy to manipulate, whereas
determining r in natural populations can pose prob-
lems. The relevant relatedness is that between individu-
als interacting through a social behaviour, which will
depend on the population structure'®. For example,
even when multiple lineages infect an area, such as
a human host, spatial structuring could still lead to
interactants being predominantly ‘clone mates’ and r=1
(see Supplementary Information S1 (box)).

Another complication is that the concept of related-
ness can be harder to apply in microorganisms (see
Supplementary Information S1 (box)). One reason for this
is because genes for cooperative behaviours can be trans-
mitted horizontally between different bacterial lineages
by mobile genetic elements, such as conjugative plasmids
or lysogenic phages™. It has been suggested that this can
be a way of stopping the spread of cheats in a population
by ‘reinfecting’ them with cooperative behaviour®. This
fascinating possibility requires further theoretical and
empirical exploration. For example, the extent to which
this could be counteracted or aided by selection to avoid
or take up such genetic elements is not clear. Another
reason is that, even when an area is colonized by a single
cooperative clone, mutation can lead to the loss of social
behaviours. The appropriate measure of relatedness for
a social trait is with respect to the locus controlling that
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